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Matrix-assisted laser desorption ionization (MALDI) time-of-flight mass spectrometry
(TOFMS) can potentially provide accurate molecular weight information of proteins separated
by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). Several issues
related to resolution and accuracy of molecular weight measurement are investigated by using
a time-lag focusing MALDI-TOF mass spectrometer. The effects of the gel components SDS,
glycerol, and tris buffer on the mass spectral signals are studied systematically. Glycerol and
tris buffer are shown to have little or no effect on resolution and mass accuracy, whereas SDS
degrades sensitivity, resolution, and mass accuracy even at low concentrations. A simple and
fast gel extraction technique is presented which is capable of detecting proteins loaded at the
low-picomole level on the gel. The sample preparation procedure used in this work appears to
remove most of SDS from the gel, thereby reducing the peak broadening effect caused by SDS
and resulting in high resolution and accurate measurement of proteins. However, for proteins
containing cysteines, the molecular ions are composed of a distribution of acrylamide-protein
adducts likely formed by reaction with unpolymerized acrylamide in the gel during the gel
separation process. The implications of gel-induced protein modifications on the accurate
molecular weight measurement of gel-separated proteins are discussed. (J Am Soc Mass
Spectrom 1999, 10, 512–520) © 1999 American Society for Mass Spectrometry
Sodium dodecylsulfate polyacrylamide gel electro-phoresis (SDS-PAGE) and related techniques suchas 2-D gel electrophoresis remain in the forefront
as the method of choice for protein separation in many
applications. The combination of electrophoretic sepa-
ration with mass spectrometric analysis provides a very
powerful tool for protein identification [1, 2]. In-gel
enzyme digestion followed by mass spectrometric anal-
ysis of the digest fragments can be used for protein
identification by comparison with protein databases.
However, knowledge of the protein molecular weight
can also be very useful for unambiguous protein iden-
tification. This is particularly true for the analysis of
proteins with single or a few amino acid substitutions
and with post-translational modifications. In peptide
mapping, the digest fragments often do not cover the
entire sequence of a protein and the missing fragments
may include the modified peptides. This would result
in misidentification of the protein against a library of
known proteins. In this case, the molecular weight
information can be useful in confirming whether the
protein in question is a modified or mutant of a known
protein in the database. In addition, for preparative
gel-separation methods, accurate molecular weight infor-
mation can be used to confirm the identity of proteins.
Matrix-assisted laser desorption ionization (MALDI)
mass spectrometry (MS) has been developed to analyze
proteins separated from polyacrylamide gels. One of
the technical challenges in combining MALDI MS with
SDS-PAGE is to effectively remove the large proteins
from the gel matrix for sensitive detection [3]. Various
strategies, involving electroelution [4, 5], electroblotting
[6, 7], direct desorption from ultrathin gels [8, 9] and
passive (i.e., diffusive) elution [3, 10] have been em-
ployed. While all these methods have been used suc-
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cessfully, the passive elution technique has the advan-
tage that no special equipment is required for elution,
and standard gel thicknesses can be used.
Another important issue is related to mass resolution
and mass measurement accuracy in analyzing the gel-
separated proteins. In many reported studies, the ob-
served molecular ion peak is quite broad, and this has
often been attributed to residual SDS interference in the
MALDI analysis. Mass accuracy is also relatively poor
(typically no better than 0.1% accuracy), compared to
the analysis of proteins from free solutions. This was
reported to be the case for both continuous extraction
and time-lag focusing or delayed extraction MALDI
systems [9, 10].
In this study, we report a passive elution method for
the analysis of proteins from copper-stained/destained
gels using a minimum number of steps. This method
minimizes the SDS interference in MALDI analysis,
thus providing the opportunity of discerning other
factors of peak broadening from the SDS effect. With
the use of a time-lag focusing MALDI time-of-flight
(TOF) mass spectrometer, we demonstrate unequivo-
cally that gel-induced covalent protein modifications by
acrylamide play a major role in governing mass resolu-
tion and accuracy in direct analysis of gel-separated
proteins. The gel-induced modifications could broaden
the molecular ion peak if the instrument is not capable
of resolving these covalent adducts. Furthermore, cova-
lent modifications during gel separation can have a
consequence in accurate molecular weight determina-
tion of intact proteins. It is further demonstrated that for
proteins without covalent modifications it is entirely
possible to obtain high resolution MALDI spectra and
accurate molecular weight information by using the
passive elution method in a time-lag focusing instru-
ment. In addition, some experimental results relevant to
the reduction of the extent of gel-induced covalent
modifications as well as detection sensitivity are dis-
cussed.
Experimental
Materials
Tris-Tricine Ready Gels (16.5%), copper stain/destain
kit, and tris buffer were obtained from Bio-Rad (Her-
cules, CA). Bovine ubiquitin, equine cytochrome c,
chicken lysozyme, equine myoglobin, bovine b-lacto-
globulin B, bovine trypsinogen, bovine carbonic anhy-
drase II, bovine serum albumin (BSA), sodium dodecyl-
sulfate (SDS), tricine, and 2-mercaptoethanol were
obtained from Sigma (St. Louis, MO). Other reagents
included glycerol (Caledon, Georgetown, ON, Canada),
sinapinic acid (Aldrich, Milwaukee, WI), bromphenol
blue (BDH, Toronto, ON, Canada), and acetonitrile
(Fisher, Fair Lawn, NJ).
SDS-PAGE
SDS-PAGE was carried out according to Schagger and
von Jagow [11] using 16.5% tris-tricine gels, substituting
bromphenol blue for Serva blue G as the tracking dye.
Prior to electrophoresis, protein samples were treated at
;40 °C for 30 min in sample buffer containing 2%
mercaptoethanol (v/v), 4% SDS, 12% glycerol, 50 mM
tris, and 0.01% bromphenol blue (the pH of the buffer
was adjusted to 6.8 by HCl). Ten- or fifteen-mL samples
were loaded in the sample wells. The amount of pro-
teins loaded on the gel for each experiment is specified
in the Results and Discussion. The proteins were nor-
mally stacked at 30.0 V for 1 h, followed by separation
on the resolving gel at 90.0 V for 2.5 h. Localization of
the protein bands was carried out using standard
Bio-Rad copper staining protocols (Instruction Manual
161-0470). For the silver stain experiment, Bio-Rad’s
standard protocols were used (Instruction Manual 161-
0449).
Gel Excision and Protein Elution
For copper-stained gels, the protein band of interest
was cut out using a scalpel. The dimensions of the
excised gel piece were about 1.5 mm 3 6 mm. The gel
pieces were destained as described by Qin et al. [12].
Each gel piece was cut into four 1.5 mm 3 1.5 mm
segments for extraction. For the detection limit study,
the gel piece was cut into two equal segments for
extraction. Protein extraction was carried out by addi-
tion of 5 mL of a saturated solution of sinapinic acid in
75% acetonitrile/1 M HCl (aq) to a single 1.5 mm 3 1.5
mm or 10 mL to a 1.5 mm 3 3 mm gel piece. The HCl
was necessary to react with all the tris buffer and lower
the pH such that the MALDI matrix remains in the acid
form. The extraction time was about 30 s and the
extraction was performed at room temperature. The gel
was crushed along with the eluting solvent in a 0.25 mL
microcentrifuge tube. The supernatant was then used
for MALDI analysis.
MALDI MS
MALDI MS analysis was performed on either a Model
G2025A linear time-of-flight system with continuous
extraction (Hewlett-Packard, Reno, NV) or a high-
resolution home-built linear time-of-flight system
equipped with time-lag focusing (TLF) [13]. Both instru-
ments are equipped with a pulsed nitrogen laser (337
nm). Spectra were acquired and processed with
Hewlett-Packard supporting software. They were fur-
ther processed for presentation with the Igor Pro soft-
ware package (WaveMetrics Inc., Lake Oswego, OR).
All mass spectra shown in the figures are the smoothed
spectra using 5- or 15-point Savitzky–Golay smoothing.
No baseline correction was performed. External calibra-
tion was performed in all cases, except those specifically
mentioned in the Results and Discussion.
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Samples were typically prepared by using the two-
layer method [14]. The first layer was formed by depos-
iting ;1 mL of 30 mg/mL sinapinic acid in acetone on
the probe tip [15], followed by addition of 0.4 to 1 mL of
standard or sample mixed with a matrix. For external
calibration purposes, 5 mM protein standards in 0.1%
TFA were mixed 1:4 with a saturated solution of sina-
pinic acid in 75% acetonitrile/1 M HCl (aq) (i.e., the
same solution used to extract the proteins from the gel).
In the case of internal calibration, 1 mL of a 1–5 mM
mixture of two proteins whose molecular weights
bracketed that of the analyte was added to the extract.
After drying, the samples were washed on-probe with
water. Multiple shots were averaged to obtain a spec-
trum. For the TLF instrument, the pulse delay was set to
1.0 ms. The pulse voltage was optimized for each
protein using a 1:4 mixture of the protein in 0.1% TFA
plus a saturated solution of sinapinic acid in 25%
acetonitrile/0.1% TFA loaded on top of the first layer.
For the SDS studies, solutions of 1 mM ubiquitin,
cytochrome c, lysozyme, and myoglobin were prepared
containing 0, 0.005, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.1%
SDS, as follows: 10 mL of a 10 mM protein solution in
0.1% TFA was mixed with 10 mL of a 10-fold concen-
trated SDS solution in 0.1% TFA, followed by addition
of 80 mL of a saturated solution of sinapinic acid in 25%
acetonitrile/0.1% TFA (aq). One mL of this solution was
placed on the probe tip on top of the first layer
(sinapinic acid from acetone solution). Samples were
washed on-probe, and MALDI MS was performed on
the high-resolution TLF instrument focused on myoglo-
bin. The system was calibrated with ubiquitin and
myoglobin containing no SDS.
For the glycerol and tris studies, appropriate
amounts of glycerol or tris-HCl were mixed with 20 mL
of a 5 mM protein solution in 0.1% TFA and 80 mL of
saturated sinapinic acid in 25% acetonitrile/0.1% TFA
(aq). Final glycerol concentrations of 0, 0.5, 1, 2, 3, 5, 7,
and 10% (w/v) and final tris-HCl concentrations of 0,
0.05, 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 M were obtained.
MALDI MS analyses were carried out as in the SDS
studies.
For the studies involving direct reaction of acryl-
amide with proteins, a protein mixture containing 5 mM
of ubiquitin, cytochrome c, lysozyme, and myoglobin in
tris-HCl buffer was mixed with 2-mercaptoethanol
(0.1% v/v) and incubated at ;40 °C for 30 min. After the
solution was cooled to room temperature, acrylamide
was added to 50 mM. At various time intervals, the
protein/acrylamide solution was taken for MALDI
analysis.
Results and Discussion
Effects of Major Gel Components on
MALDI Signals
Although it is generally assumed that SDS degrades
both signal-to-noise ratio and resolution in MALDI,
conflicting reports have appeared regarding the effect
of SDS at various concentrations using continuous
extraction MALDI-TOF [16–18]. The gels used herein
contain 0.1% SDS, and the effects of SDS at and below
this concentration have been studied for ubiquitin,
cytochrome c, lysozyme, and myoglobin. Figure 1
shows mass spectra of these proteins in the presence of
0 to 0.1% SDS, obtained by using the time-lag focusing
MALDI-TOF instrument. Clearly, with only 0.005%
SDS, there is already a reduction in signal-to-noise ratio.
Above 0.02% SDS, there is significant broadening to the
high mass end of the true molecular weight. Above
0.05% SDS, lysozyme cannot be readily detected. While
mass spectra can be obtained for the other three pro-
teins even at 0.1% SDS, the loss in mass resolution in
these cases is considered to be very significant by the
current MALDI standard. The SDS-PAGE gels used in
this work contain 0.1% SDS; however, the copper stain-
ing/destaining process likely removes a significant
amount of SDS [3], and the proteins are eluted into a
solution which contains no SDS. Thus, the final concen-
tration of SDS in the MALDI extract is expected to be
much less than 0.1% (see below).
In addition to SDS, the polyacrylamide gel contains
other components, such as glycerol and tris buffer. Even
very high concentrations of glycerol (up to 10% w/v)
have negligible effect on signal-to-noise, resolution, and
Figure 1. MALDI mass spectra of a mixture of bovine ubiquitin
(MH1 5 8565.87), equine cytochrome c (MH1 5 12361.18),
chicken lysozyme (MH1 5 14307.17), and equine myoglobin
(MH1 5 16952.50) obtained by time-lag focusing TOFMS with the
following concentrations of SDS in the mixture: (A) 0%, (B)
0.005%, (C) 0.01%, (D) 0.02%, (E) 0.03%, (F) 0.05%, (G) 0.07%, and
(H) 0.1%.
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mass accuracy. The glycerol residue on the MALDI
probe tip is effectively removed by the on-probe wash-
ing step. In the case of tris buffer, it is important to use
the hydrochloride (or alternately to add HCl to the tris
solution) to keep the pH low for the MALDI matrix.
Here, too, there is negligible loss in resolution or mass
accuracy, even with high concentrations of tris (up to 1
M). However, the relative sensitivity changes with
increasing amounts of tris. As the concentration of tris
increases, ubiquitin and lysozyme signals become more
intense, but myoglobin intensity decreases. This effect
could be attributed either to the tris itself, or to differ-
ences in pH with different concentrations of tris-HCl.
Nevertheless, it is quite clear that both glycerol and tris
do not seriously interfere with the MALDI analysis.
MALDI MS of Gel-Separated Proteins
MALDI analysis of ubiquitin, cytochrome c, lysozyme,
myoglobin, b-lactoglobulin B, trypsinogen, and car-
bonic anhydrase II isolated from SDS-PAGE was per-
formed on both continuous extraction (DC) and time-
lag focusing instruments. Comparative spectra are
shown in Figures 2 and 3, and the results of measured
molecular weights and mass resolution are summarized
in Table 1. The mass spectral patterns of the molecular
ion regions shown in Figures 2 and 3 are quite different.
Figure 2 illustrates that MALDI mass spectra with
high resolution and good signal-to-noise ratio can be
obtained for gel-separated ubiquitin, myoglobin, and
carbonic anhydrase II. These results suggest that the
concentration of SDS in the final solution of gel-sepa-
rated proteins must be quite low (0.01% or less, com-
paring with Figure 1). As Table 1 shows, good mass
measurement accuracy can also be obtained for these
three proteins. The mass accuracy can be improved by
employing internal calibration. For example, the aver-
age masses of MH1 for myoglobin using external
calibration (Table 1) is 16,954.5 6 0.3, which is statisti-
cally higher than the calculated value of 16,952.50,
representing an error of 1118 ppm. By using internal
Figure 2. MALDI mass spectra of (A) ubiquitin, (B) myoglobin,
and (C) carbonic anhydrase II obtained under different experi-
mental conditions: (i) standard preparation with TLF instrument;
(ii) gel extract with TLF instrument; (iii) gel extract with DC
instrument. For TLF experiments, the delay time was 1 ms and the
pulse voltage was 2.72 kV for ubiquitin, 3.35 kV for myoglobin,
and 3.90 kV for carbonic anhydrase II. The amount of each protein
loaded on the gel was 50 pmol.
Figure 3. MALDI mass spectra of (A) cytochrome c, (B) ly-
sozyme, (C) b-lactoglobulin B, and (D) trypsinogen obtained
under different experimental conditions: (i) standard preparation
with TLF instrument; (ii) gel extract with TLF instrument; (iii) gel
extract with DC instrument. For TLF experiments, the delay time
was 1 ms and the pulse voltage was 3.00 kV for cytochrome c, 3.15
kV for lysozyme, 3.45 kV for b-lactoglobulin B, and 3.70 kV for
trypsinogen. The amount of each protein loaded on the gel was 50
pmol.
515J Am Soc Mass Spectrom 1999, 10, 512–520 MALDI MS ANALYSIS OF GEL-SEPARATED PROTEINS
calibration, a value of 16,952.1 6 0.8 is obtained. The
somewhat worse mass accuracy with external calibra-
tion is likely due to small differences in the thickness of
the crystal layer between calibration and sample mea-
surements.
It is interesting to compare the MALDI results of
these three proteins with those reported by others using
time-lag focusing TOFMS for the analysis of gel-sepa-
rated proteins [10]. For proteins extracted from Coo-
massie Brilliant Blue stained SDS-PAGE by using a
solvent mixture of formic acid, acetonitrile, isopropa-
nol, and water [10], the mass resolution obtained was
550 for ubiquitin (50 pmol gel loading), 400 for myoglo-
bin (60 pmol gel loading), and 80 for carbonic anhy-
drase II (200 pmol gel loading). The mass accuracy with
external calibration was 0.2%–0.3%. It is clear that the
experimental conditions used in the reported work [10]
were quite different from ours. Our results demonstrate
that it is entirely possible to obtain MALDI data from
these three gel-separated proteins with high resolution
and accuracy. One advantage of using copper staining
instead of Coomassie Brilliant Blue is the absence of
adduct ions from the staining reagent in MALDI spectra
(the adduct ions from the matrix are labeled in Figures
2 and 3). In copper staining, the proteins are not fixed in
the gels and the gels can be destained. The negatively
stained images can be visualized with intermediate
sensitivity between Coomassie blue and silver staining.
We attempted to use the same extraction procedure to
extract proteins from silver stained gels, but no spectra
could be obtained with gel loading of 500 ng of ubiq-
uitin, carbonic anhydrase II, or BSA. With this amount
of loading, we can readily obtain mass spectra of
ubiquitin extracted from copper-stained gels (see be-
low).
However, for cytochrome c, lysozyme, b-lactoglobu-
lin B, and trypsinogen, the molecular ion region consists
of a broad band with several peaks, as shown in Figure
3. Since SDS does not appear to cause a significant
problem, it is likely that some other phenomenon is
responsible for the appearance of the mass spectral
patterns shown in Figure 3. It is noted that ubiquitin,
myoglobin, and carbonic anhydrase II contain no cys-
teines, while cytochrome c, lysozyme, b-lactoglobulin B,
and trypsinogen contain various numbers of cysteine
residues.
Gel-Induced Protein Modifications
It has been reported that residual acrylamide mono-
mers in the gel can covalently bind with cysteine
residues on proteins during electrophoresis [19–28].
Evidence for this comes from ESI analysis of whole
proteins or tryptic digest peptides [19–21], MALDI MS
of tryptic digest peptides [22–24], MS/MS analysis of
tryptic peptides [25, 26], and amino acid analysis/
sequencing data [27, 28]. Acrylamide adduction gives
rise to peaks of mass M 1 n (71) where M is the protein
molecular weight (with cysteines reduced) and n is the
number of acrylamide adducts. Thus, a distribution of
molecular weights may be expected for proteins con-
taining cysteine residues. Ubiquitin, myoglobin, and
carbonic anhydrase II contain no cysteines. Consistent
with this, the observed mass spectral peaks are sharp
with reasonably good mass accuracy.
For the other four proteins (cytochrome c, lysozyme,
b-lactoglobulin B, and trypsinogen), a large shift to the
high mass end is observed. While the continuous ex-
traction mass spectra show only a broad peak, TLF is
able to partially resolve the distribution and give infor-
mation regarding the extent of modification. For exam-
ple, in the case of lysozyme (calculated MH1 5
14,307.17, fully reduced 5 14,315.23) there is a peak at
14,304.8 6 0.3 as shown in Figure 3(B) (determined by
internal calibration), corresponding to the unmodified
protein (with all of the four disulfide bonds re-formed)
and a more intense, well-resolved peak at 14,453.4 6
0.8. This is consistent with the reduction of two disul-
fide bonds (14) and the addition of 2 acrylamides
(1142). Further additions are apparent, although it is
difficult to accurately measure the mass of higher
adducts, because of weak signals. Note that, in the
MALDI spectra of gel-separated proteins with internal
calibrants (not shown), high resolution was observed
for the calibrant peaks.
In the case of b-lactoglobulin B [Figure 3(C)], which
contains five cysteines, the molecular ion of the unmod-
ified protein (calculated MH1 5 18,278.26, reduced 5
Table 1. Mass accuracy and resolution of proteins isolated from SDS-PAGE and analyzed by time-lag focusing MALDI-MS
Protein Calc. MH1
Obs. MH1
(from gel)a,b
Resolution
(standard)b
Resolution
(from gel)b
Ubiquitin 8565.87 8568.3 6 0.4 1066 6 22 1039 6 22
Cytochrome C 12361.18 c 1163 6 9 c
Lysozyme 14307.17 c 1066 6 76 c
Myoglobin (apo) 16952.50 16954.5 6 0.3 1454 6 132 1398 6 266
b-lactoglobulin B 18278.26 c 1421 6 81 c
Trypsinogen 23981.97 c 1051 6 107 c
Carbonic anhydrase 29024.72 29030.5 6 1.5 985 6 49 898 6 169
aUsing external calibration.
bAverage and standard deviation from three replicate experiments.
cPeak is broadened by covalent protein modifications.
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18,282.29) is not observed. However, acrylamide addi-
tion is evident from the peaks at 18,350.5 6 0.8 (172)
and 18,500.6 6 0.2 (1222) (determined by internal cal-
ibration), corresponding to the addition of 1 and 3
acrylamides, respectively, with partial reduction of di-
sulfide bonds. Since the molecular ion peak of the
unmodified protein is absent in the spectrum, the peak
at m/z 18,500.6 cannot be from the matrix adduct of the
unmodified protein. Under the experimental conditions
used, the matrix adduct peaks are generally much less
intense than the protonated protein peak (see Figure 2
and top trace of each spectrum in Figure 3).
The most intense peak for trypsinogen [Figure 3(D)]
(12 cysteines, calculated MH1 5 23,981.97, reduced 5
23,994.07) is at ;24,130, corresponding to an addition of
1148 (addition of two acrylamides with partial reduc-
tion of disulfide bonds). Further adducts are apparent
from the broad distribution above this, although they
are not resolved.
In the case of cytochrome c, as shown in Figure 3(A),
no distinctly resolved peaks are apparent. The two
cysteines in cytochrome c are covalently bound to the
heme group, and therefore would not be expected to
react with acrylamide. It is possible that the covalently
attached heme group is modified under electrophoretic
conditions. Acrylamide is also known to react with
hydroxy-compounds (e.g., serine) and amino-com-
pounds (e.g., lysine) [29]. Mass spectral peaks consistent
with acrylamide addition to noncysteine residues have
been reported [21, 22]. Furthermore, for cytochrome c
and other proteins, other modifications such as oxida-
tion of methionine or cysteine-acrylamide adducts [24,
30], and 2-mercaptoethanol addition [31] are possible.
These modifications will further complicate the molec-
ular ion region of the mass spectra, resulting in diffi-
culty in determining the actual molecular ion peak.
The difficulty in resolving and accurately measuring
protein-acrylamide adducts for some proteins may be
attributed to partial re-formation of disulfide bonds
during and after electrophoresis when the proteins are
no longer in a reducing environment. Each re-formed
disulfide bond reduces the molecular weight by 2 mass
units. A distribution of the number of re-formed disul-
fide bonds for each acrylamide adduct species will
broaden the peak.
Attempts to Reduce Gel-Induced Modifications
Several experiments were performed to examine meth-
ods of reduction or elimination of the gel-induced
modifications. First of all, the mass spectral patterns
shown in Figure 3 were observed only from the gel-
separated proteins. If the protein solution containing
ubiquitin, cytochrome c, lysozyme, and myoglobin is
first treated with 2-mercaptoethanol, followed by mix-
ing with acrylamide (see Experimental for details), the
MALDI spectra obtained from this solution after incu-
bation over 4 h are similar to those obtained from the
initial standard solution. This indicates that proteins do
not readily react with acrylamide in freestanding solu-
tion under the experimental conditions used and the
use of a high electric field in gel separation may play a
strong role in inducing the acrylamidation of proteins.
It was found that the gel-induced modification takes
place at the early stage of the separation. After the
protein sample (e.g., lysozyme) was loaded on the
stacking gel, in about 30 min, the sample migrated to
the front of the resolving gel. At this point, gel separa-
tion was stopped and the protein was extracted from
the gel for MALDI analysis. The mass spectra of pro-
teins obtained from this early stage of separation were
very similar to those obtained after normal separation
(i.e., Figure 3). Thus, decreasing separation time cannot
reduce the extent of gel-induced modifications.
There were reports of using pre-electrophoresis with
an acrylamide scavenger to reduce the amount of
unpolymerized acrylamide in gel separation [22, 28, 32,
33]. In this approach, an initial electrophoresis was run
on the entire gel system by using 0.5 M tris, 0.1% w/v
SDS and 12 mM 3-mercaptopropanoic acid (scavenger)
as cathode buffer and 0.2 M tris as anode buffer at 15
mA/gel for about 4 h at room temperature [32]. This gel
was then used for protein separation. We have at-
tempted to use this approach in the hope of reducing
gel-induced modification by acrylamide. The mass
spectra (not shown) of cytochrome c and lysozyme
extracted from gels treated with pre-electrophoresis are
similar to the spectra shown in Figure 3(A,B). No
significant improvement is obtained and extensive
modifications are still observed. Variations of the pre-
electrophoresis conditions, including the use of fresh
gels, freshly prepared buffer solutions, higher concen-
tration of 3-mercaptopropanoic acid (up to 20 mM), and
higher electric current (up to 30 mA/gel), did not result
in the reduction of the extent of modifications. If we
assume modification takes place between the unpoly-
merized acrylamide and the protein, these results
would suggest that pre-electrophoresis did not remove
the acrylamide effectively to a level that would not
cause extensive modification. Alternatively, polyacryl-
amide may degrade during electrophoresis of proteins
to acrylamide or oligoacrylamide that in turn reacts
with the proteins. The actual reaction mechanism and,
in fact, mechanisms of many intriguing reactions in gel
separation cannot be clearly defined [34].
Since proteins with cysteines are modified by acryl-
amide in gel separation, a seemingly obvious approach
to obviate the problem with acrylamide addition is to
reduce and alkylate the proteins prior to gel electro-
phoresis. Figure 4 shows several mass spectra of ly-
sozyme obtained from the samples after reduction and
alkylation with iodoacetamide at different reaction
times. The most abundant peak shown at m/z 14,772 is
from the fully alkylated lysozyme (eight cysteines). The
peaks at m/z 14,715 and m/z 14,658 are from lysozyme
with seven and six cysteines alkylated, respectively. It is
clear that complete alkylation is not achieved even
when a very long reaction time is used. This is not
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surprising in light of the fact that the reactivity of
cysteines at different moieties of the protein chain can
be quite different. Thus, alkylation of proteins prior to
electrophoresis still faces the problem of uncertainty on
the extent of modification, hence the uncertainty of
defining the true molecular ion peak. It should be noted
that, for an unknown protein, even if the reaction
conditions are in favor of complete alkylation, without
the knowledge of the number of cysteines present in the
protein, accurate molecular weight determination is still
not possible.
Figure 4 shows several peaks superimposed on a
broad hump. The peaks with m/z above 14,772 cannot
be readily assigned to known structures and/or ma-
trix/salt adducts of the m/z 14,715 or 14,772 species. The
broad hump observed in Figure 4 resembles those
observed in the spectra of proteins with gel-induced
modifications (Figure 3). These broad humps are likely
due to multiple uncharacterized covalent adducts
formed in the gel and/or their matrix/salt adducts
formed in the MALDI process.
Detection Sensitivity
The overall detection sensitivity in MALDI analysis of
gel-separated proteins is mainly governed by the sepa-
ration and visualization sensitivity, extraction and ma-
trix/sample preparation efficiency, and the detection
sensitivity of the MALDI instrument. In our method,
the proteins are extracted by simply macerating a
portion of the destained-gel piece with 5 mL of an
acetonitrile-HCl(aq) solution containing sinapinic acid
for a few seconds. A two-layer method is then used for
sample preparation. This sample/matrix preparation
method generates very reproducible results. The com-
monly used dried-droplet method resulted in very poor
reproducibility from sample to sample; thus it was not
extensively used in this work. The merits of the two-
layer method over other sample preparation methods in
the direct analysis of complex peptide and protein
mixtures from raw samples such as milk, bacteria, and
egg white are described in a separate publication [35].
To assess the sensitivity limiting factors in our
method of MALDI analysis of gel-separated proteins,
several tests were performed. With copper staining,
BSA and myoglobin can be visualized with a loading of
.25 ng of protein and ubiquitin can be visualized with
a loading of .50 ng. For MALDI analysis of standard
proteins with the two-layer sample preparation per-
formed in our instruments, ubiquitin, myoglobin, and
BSA can be detected with a sample loading of as low as
5, 20, and 60 fmol, respectively. Figure 5 shows the
MALDI spectra obtained from gel loadings of 50 ng (6
pmol) ubiquitin, 100 ng (6 pmol) myoglobin, and 1 mg
Figure 4. MALDI mass spectra of lysozyme obtained from the
samples after reduction and alkylation with iodoacetomide at
different reaction times: (A) 15 min; (B) 1 h; (C) 2 h; (D) 7.5 h; and
(E) 21 h. Figure 5. MALDI spectra obtained from gel loadings of (A) 50 ng
(6 pmol) ubiquitin, (B) 100 ng (6 pmol) myoglobin, and (C) 1 mg
(15 pmol) BSA.
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(15 pmol) BSA. For Figure 5, the protein gel lane was cut
into two pieces and one piece was extracted by using 10
ml of the sinapinic acid/CH3CN/HCl solution. 0.4 ml of
the extract was deposited to the probe. Thus, the total
amount of proteins loaded on the MALDI probe is less
than 1/50 of the amount loaded on the gel.
It should be noted that the data shown in Figure 5
can be readily reproduced from experiments using the
same or different batches of gel. Judging from the
signal-to-noise ratio in each spectrum, one would ex-
pect that a useful spectrum could be obtained with a
sample loading of less than the amount used in Figure
5. However, it was found that by cutting the amount by
just half (e.g., loading 0.5 mg BSA), protein signals were
not always detected in MALDI spectra. Generally
speaking, two out of three trials failed to generate any
protein signals. This finding is consistent with what was
observed in the work of Cohen and Chait [3]. For
example, in their work, a very good spectrum was
obtained for myoglobin with a gel loading of 25 pmol
protein using their fast extraction method, suggesting
useful spectra could be obtained with much lower
amount of gel loadings; but no useful spectrum could
be obtained with a loading of 6 pmol. A plausible
explanation is that the extraction efficiency decreases
considerably when the concentration of the protein in
the gel is decreased below a certain threshold. Based on
the detection limits of our method for standard proteins
(i.e., 5 fmol for ubiquitin, 20 fmol for myoglobin, and 60
fmol for BSA) and assuming the spectra shown in
Figure 5 represent the detection limits for the analysis of
gel-separated proteins, the extraction efficiency can be
estimated to be 4%, 17%, and 20% for ubiquitin, myo-
globin and BSA, respectively.
As it can be seen from Figure 5, the detection limit of
the current method is in the low pmol region. However,
the overall detection sensitivity of the method described
in this work may potentially be improved by concen-
trating the extract into a smaller volume prior to sample
deposition to the MALDI probe. In the two-layer
method, the total volume of sample needed to load onto
the probe is usually less than 1 ml. Note that concen-
trating the extract with vacuum drying did not yield
any improvement in detection sensitivity. This is un-
derstandable in light of the fact that the extraction
solution comprises a saturated matrix solution. Concen-
trating the extracts will result in matrix precipitation
which incorporates the analyte, thus losing the analyte
for the final analysis in MALDI. In addition, any impu-
rities in the extract will also be concentrated, which may
decrease the MALDI detection sensitivity. The use of a
saturated matrix solution in the extraction solvent is
critical in achieving the detection sensitivity illustrated
in Figure 5. An attempt to use a 10-fold diluted matrix
solution, instead of a saturated solution, for extraction,
followed by an about 10-fold concentration of the
extract did not yield any useful spectra for 6 pmol gel
loading of myoglobin and 16 pmol of BSA. Thus, a
sensible approach for improving the overall detection
sensitivity of the passive extraction/MALDI analysis
method is to develop concentration methods that will
allow selective concentration of proteins from gel ex-
tracts. Work in this direction is currently underway.
Conclusions
With the use of an appropriate gel-extraction method
and the time-lag focusing MALDI-TOF mass spectrom-
eter, accurate molecular weight determination for SDS-
PAGE separated proteins is possible for some proteins,
particularly those containing no cysteine residues.
However, the accuracy may be greatly reduced as a
result of gel-induced protein modifications. In these
cases, the molecular weight of the unmodified species
cannot be determined with a high degree of accuracy
without a priori knowledge of the number of modifica-
tions. However, in such cases, a reasonable estimate of
the molecular weight can be made, and such a “win-
dow” may still be a useful complement to tryptic digest
data for protein identification. This work clearly illus-
trates that covalent protein modifications, not the SDS
detergent, limit the accuracy of protein molecular
weight determination by MALDI TOFMS. It is further
shown that the use of a short gel-separation time and
pre-electrophoresis with an acrylamide scavenger did
not reduce the extent of protein modifications. Finally,
the detection sensitivity of the passive extraction/
MALDI method is demonstrated to be in the low pmol
for several proteins with molecular weights up to
67,000.
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